The filamentous fungus Cunninghamella &guns has the ability to metabolize xenobiotics, including polycyclic aromatic hydrocarbons and pharmaceutical drugs, by both phase I and II biotransformations.
Introduction
Microbial systems have been used as models for mammalian metabolism since many metabolites formed from xenobiotics are similar to those formed in mammals [I ,2] . The zygomycete fungi of the genus Cunninghamella have the ability to metabolize Abbreviations: PAPS, 3-phosphoadenosine 5-phosphosulfate; UDPG, uridine S-diphosphoglucose; UDPGA, uridine 5-diphosphoglucuronic acid; HPLC, high performance liquid chromatography; TLC. thin layer chromatography * Corresponding author: Tel.: + I (501) 543 7341; Fax: + I (501) 543 7307; E-mail: ccerniglia@fdant.nctr.fda.gov xenobiotics including polycyclic aromatic hydrocarbons and pharmaceutical drugs . The metabolites produced are derived from phase I oxidation reactions such as aromatic and aliphatic hydroxylation, heteroatom oxidation, and N-or O-demethylation, which are also known in mammals [3, 6, 8] . The isolation of the sulfate, glucoside, glucuronide and acetylated metabolites from the fungal metabolism [4, indicated that C. elegans also has the potential for phase II biotransformations. Little is known about the enzymes involved in the biotransformation of xenobiotics by C. elegans. A few published data are available on the enzymatic mechanisms for fungal xenobiotic metabolism [7, . Since Cunnit~ghamrlla spp. have been proposed as a model microbial system to mimic mammalian metabolism of xenobiotics [ 1.21. we wanted to provide enzymatic data for the formation of the observed metabolites and to provide enzymatic mechanisms for support this zygomycete to be used as a model for mammalian metabolism. In this study. we detected both phase I and phase I1 enzymes in C. eleguns. and N-desmethylcyclobenzaprine were prepared as described previously [20] . Protein concentrations were determined with a Coomassie brilliant blue protein assay reagent kit (Pierce, Rockford, IL) using bovine serum albumin as the standard. The reduced carbon monoxide difference spectrum was determined as described by Omura and Sato [21] . UV spectra were determined on a Shimadzu UV-VIS scanning spectrophotometer (UV21OlPC). Radioactivity was measured on a Packard Tri-carb 2000CA liquid scintillation analyzer (Packard Instrument Company. Meriden. CA).
Materials and methods

Chemicals and methods
NADPH. p-toluenesulfonyl fluoride, dithiothre- itol, 1 -naphthyl P-D-glucuronide. I -naphthyl P-D- glucoside, I -naphthylsulfate. [ I -"Cl I -naphthol (7 pCi/Fmol). 1 -chloro-2.4-dinitrobenzene
Fungi and preparution qf'cell$rer e.vwlIcI.s
Cultures of C. elegans ATCC 361 12 were grown in 30 ml of Sabouraud dextrose broth (Difco Laboratories, Detroit, MI) in 125 ml Erlenmeyer flasks at 27°C and 150 rpm. Mycelia from 50 h old cultures (after depletion of glucose) were harvested by filtration and washed with deionized H,O.
Cell-free extracts of C. elegans was prepared as described by Cerniglia and Gibson [ 151. 15 g of blended mycelia was disrupted in 25 ml buffer (50 mM phosphate. pH 7.4. I mM dithiothreitol. 20% glycerol) with 2 mM of p-toluene sulfonyl fluoride.
The crude homogenate was centrifuged at I2 000 X g for I5 min and then ultracentrifuged at 120000 X g for 90 min. The microsomal pellet was resuspended in the buffer and used immediately. The supernatant can be stored at -70°C for up to 2 months without loss of enzyme activities.
Aryl sulfotransferase activity was assayed using by the method of Leakey et al. [22] with the following modifications.
The 500 ~1 incubation mixture contained 1 mM [I -"Cl I -naphthol (0.1 pCi/Fmol), 50 or 100 FM PAPS and cell extract (100-500 pg of protein), and was incubated at 37°C for 15 min. The aqueous layer was washed twice with 2 ml chloroform. Control incubations contained either boiled cell extract or no PAPS. Portions of the washed aqueous phase either were counted by liquid scintillation counting or were further analyzed by TLC using silica-gel plates developed with isopropanol:chloroform:28% ammonia (70/50/ 15). Glucuronosyltransferase and glucosyltransferase were assayed by the same procedure as that for aryl sulfotransferase, except that PAPS was replaced by I mM UDPGA or I mM UDPG, respectively.
Radioactivity in the aqueous layer was analyzed by silica-gel TLC developed with isopropanol:chloroform:28% ammonia:water (70/30/ I8/7) and isopropanol:chloroform:28% ammonia (70/50/ 15). respectively. Glutathione S-transferase was assayed with Ichloro-2,4-dinitrobenzene as described by Habig et al. [23] . The reaction mixture contained 1 mM Ichloro-2.4-dinitrobenzene.
1 mM reduced glutathione and 40-400 I_L~ of protein in 1 ml of a phosphate buffer (pH 6.5). The reaction was monitored by measuring absorption at 340 nm.
In N-acetyltransferase assays. the substrates were either I mM procainamide or p-aminobenzoic acid with I mM acetyl coenzyme A. After incubation of the substrates with the enzyme fractions (I mg) at 37°C for 30 min, the decrease of the amount of primary amine was assayed calorimetrically with sodium nitrite and N-I -naphthylethylenediamine [22] . Rat liver cytosol fractions (100000 X g) were used as positive controls [22] . Cyclobenzaprine hydroxylase and N-demethylase were assayed as described previously 181. Reaction mixture contained 1.5-3.0 mg of protein, 1 mM NADPH and 1 mM cyclobenzaprine in a final volume of 0.5 ml. After incubation at 37°C for 2 h, aliquots of the reaction mixtures were analyzed by HPLC. Table 1 shows the phase I and phase II enzyme activities in the cell extracts of C. elegalzs. These enzymatic reactions are shown in Fig. 1 . The glutathione S-transferase and aryl PAPS sulfotransferase had the highest activities among all enzymes as-UDP-glucuronosyltransfarase I-Naphthyl P-D-Glucuronide
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Cyclobenzaprine N-Desmethylcyclobenzaprine sayed. The aryl PAPS sulfotransferase was a cytosolit protein with an activity of 15.0 nmol min. ' mg-' at 37°C. The TLC analysis showed that the radioactive product exclusively comigrated with authentic 1 -naphthylsulfate. 1 -Chloro-2.4-dinitrobenzene glutathione S-transferase has a specific activity of 20.8 nmol min-' mg-' using an extinction coefficient of 9.6 mM-' cm-' [23] . Cytosolic UDPglucuronosyltransferase and UDP-glucosyltransferase had activities of 0.09 and 0.27 nmol min-' mg-', respectively.
Microsomes also showed a UDP-glucuronosyltransferase activity (0. I3 nmol min-' mg-' ). The TLC analysis showed that radioactive products co-migrated with authentic lnaphthyl P-D-glucuronide and I -naphthyl D-D-glUcoside, respectively. No microsomal or cytosolic Nacetyltransferase activity was detected with /Jaminobenzoic acid or procainamide as substrates. although it was detected with both substrates in rat liver cytosols.
To our knowledge. this is the first report on the localization of both phase I and phase II enzymes in cell-free extracts of C. rlegans. In addition. aryl PAPS sulfotransferase activity in fungi has not been demonstrated before. The bacterial sulfotransferase known from Klehsiella 25] catalyzes a different reaction which is a sulfate transfer from one phenolic sulfate to another phenolic compound. Detection of cytosolic and microsomal UDP-glucuronosyltransferase activities suggests that there may be multiple isoforms of this fungal enzyme. Alternatively, the cytosolic UDPglucosyltransferase may also exhibit UDP-glucuronosyltransferase activity. The glutathione S-transferase activity we observed was about 50% higher than that reported by Wackett and Gibson [ 141. The carbon monoxide difference spectrum of the microsomal protein (Fig. 2) showed a peak at 450 nm, but the major peak is at 420 nm, suggesting that significant degradation of constitutive cytochrome P450 may have occurred. The microsomal enzymes. but not the cytosolic protein, oxidized cyclobenzaprine to produce 2-hydroxycyclobenzaprine and Ndesmethylcyclobenzaprine (Fig. 3) . The specific activities for these oxidation reactions were 0. I5 and 0.17 nmol min-' mg-', respectively (Table I) . Together with several other cytochrome P450 monooxygenase activities detected in the microsomal fractions of Cunninghamella spp. [S, 15-19,261 , these results suggest that the zygomycetes exhibit a wide range of oxidative reactions similar to those in mammalian systems [2] .
In a screening study, we found that among 20 fungal species tested, Cwminghamella elegans had the most efficient phase I metabolism. In addition, a IOO-fold lower aryl PAPS sulfotransferase activity and a 20-fold lower UDP-glucuronosyltransferase activity were detected in the cytosolic preparations of the plant pathogen Fusarium osysporum var. 2J/methanol at a flow rate of 1 ml/min [20] .
pini, and the white-rot fungus Phanerochaete chrysosporium, respectively. Other enzyme activities were either much lower or not detected in the cell-free extracts (unpublished data). This report provides initial identifications of the enzymes in C. elegans for xenobiotic metabolism including hydroxylation, Ndemethylation, sulfation, glucuronidation, glycosylation, and glutathione conjugation. These fungal enzymes showed comparable levels of activity with those found in rat liver for metabolism of xenobiotics 1221. Thus, data were provided to support the zygomycete as a model for mammalian xenobiotic metabolism at the enzyme level. jugative metabolites produced during the metabolism of phenanthrene by fungi. J. Indust. Microbial. (in press). 
